A group of Mira variables in the solar neighborhood show unusual spatial motion in the Galaxy. To study this motion in much larger scale in the Galaxy, we newly surveyed 134 evolved stars off the Galactic plane by SiO maser lines, obtaining accurate radial velocities of 84 detected stars. Together with the past data of SiO maser sources, we analyzed the radial velocity data of a large sample of sources distributing in a distance range of about 0.3 -6 kpc in the first Galactic quadrant. At the Galactic longitudes between 20 and 40
Introduction
Stellar OH and SiO maser sources are powerful probes of Galactic structure and stellar evolution (Habing et al 2006; Deguchi 2008) . Radial velocity databases of these sources are useful to investigate dynamical motions of stars in the Galactic disk and Bulge (Izumiura et al. 1995; Sevenster et al. 2001; Deguchi et al. 2004; Fujii et al. 2006 ). Because of a recent progress of studies of tidal streams surrounding our Galaxy and in the solar neighborhood (Belokurov et al. 2007; Grillmair 2009 ), one of urgent issues in this field is to separate a Bulge-bar resonance stream from tidal streams of relic dwarf galaxies in the radial velocity data.
It has been known that the Galactic disk has two components, thick and thin; the former has a thickness of 1 -2 kpc involving metal-poor stars and kinematically peculiar stars, while the latter has a thickness of about 300 pc involving young new populations. A hypothesis that the thick disk is a relic of past merging processes has been proposed for the origin of thick disk (Helmi et al. 1999; Navarro et al. 2004; Helmi et al. 2006) .
Moving groups in the solar neighborhood have also been known, and they are considered to be fossils keeping dynamical information of their birth. Two famous examples are the Arcturus and Hercules groups of stars (Eggen 1996) ; the former is a group of metal poor stars with a coherent spatial motion with a ∼ 100 km s −1 lag to the Galactic rotation, and the latter is a stellar group with a heterogeneous mixture of metal abundances and with a smaller rotational lag. Spatial motions of these moving groups are well investigated optically based on the Hipparcos (proper motions) and the RAVE (the radial velocities) databases. However, these investigations have a limitation of distance up to about 1 kpc due to lack of proper motion data. Because of heterogenous metal abundances of member stars, the origin of the Hercules stream is attributed to a resonance of the bar-like Bulge (Bensby et al. 2007 ). Feast & Whitelock (2000) investigated an outward motion of short-period Mira variables near the Sun, and attributed it to the resonance effect of the Bulge bar.
In this paper, we reinvestigate the radial velocity data of SiO maser sources toward the region of l = 20 -60
• , and −30 < b < 60
• (excluding the galactic plane, |b| < 3 • ). In this region, Deguchi et al. (2007) found a group of SiO maser stars with large negative velocities (v LSR ∼ −70 km s −1 ), which may be attributed to a resonance effect of the Bulge bar or a relic streaming motion. However, the previous off-plane SiO search was aimed to find distant debris stars such as those in the Sgr dwarf streams, the search was somewhat shallow in depth except toward Sgr dwarf [Vol. , streams. Therefore, we have made a new sensitive observation by SiO maser lines toward the thick disk, and have added more data in radial velocity database. Here, we analyze kinematics of this SiO maser star stream, and test if this stream is originated by the gravitational perturbation of the Bulge bar.
Observational results
The observations were made with the 45m radio telescope at Nobeyama in 2009 April and May by the SiO J = 1-0 v = 1 and 2 transitions at 43.122 and 42.821 GHz, respectively. Cooled HEMT receiver (H40) was used for the 43 GHz observations with acousto-opt spectrometer arrays with the 40 and 250 MHz bandwidths (velocity resolution of about 0.3 and 1.8 km s −1 , respectively). The overall system temperature was about 180 -250 K for the SiO observations depending on weather conditions. The half-power beam width (HPBW) of the telescope was about 40
′′ at 43 GHz. The conversion factor of the antenna temperature to the flux density was about 2.9 Jy K −1 . All of the observations were made by the positionswitching mode. Further details of observations using the NRO 45-m telescope have been described elsewhere (Deguchi et al. 2000) .
The sample for SiO searches was chosen in the area within 20
• < l < 60 • and |b| < 45
• (excluding |b| < 3 • ) by the selection criteria which have been established well in the past SiO surveys. The mid-infrared objects brighter than 3 Jy at 12 µm, and the color −0.5 < C 12 [≡ log(F 25 /F 12 )] < ∼ 0.2 were selected from IRAS point source catalog (Joint IRAS Science Working Group 1988), where F 12 and F 25 are the IRAS flux densities in the 12 and 25 µm bands, respectively. The MSX bands C and E (Egan et al. 2003) were also consulted for the |b| < ∼ 6
• sources. Then, we checked whether or not the MIR objects have a NIR counterpart in the 2MASS catalog (Cutri et al. 2003 ) with a customary selection criteria in our SiO maser searches (Deguchi et al. 2004) : K < 9, and H −K > 0.9 for an initial sample. All the objects in the present sample have 2MASS counterpart brighter than K = 8.2 mag. These sources are supposedly late-type (AGB or post-AGB) stars with circumstellar dust in a color-temperature range between 250 and 1000 K. Excluding previously observed objects, we finally selected about 150 candidates which satisfied above criteria in this sky area. However, because of time restriction of observations, we completed half of these sources, for which we consumed all of the objects above F 12 = 5 Jy. Furthermore, we added bright objects for backup (for bad weather condition), which involves slightly bluer sources in H − K but not surveyed before. We added these additional objects to our results for completeness.
Observational results are summarized in tables 1 and 2 for SiO detection and no detection, respectively. The observed spectra of the SiO J = 1-0 v = 1 and 2 transitions are shown in figure 1a -1e for the detections. Table 3 summarizes infrared properties of the observed sources. For a distance measure, we use the corrected K magnitude for interstellar and circumstellar reddening, 
where we use A K /E(H − K) = 1.44 and (H − K) 0 = 0.5, which is appropriate for M5III stars (Fujii et al. 2006) . The corrected K c is listed at the 6th column in table 3. A typical Mira star with a period of about 450 d located at the Galactic center (distance of 8 kpc) without extinction has K c = 6.43 (Glass et al. 1995) . We will use this value to estimate distances in the next section. Because SiO maser stars are mostly miras, the period-K c relation [at 8 kpc; Glass et al. (1995) ] gives a relatively smaller dispersion of about 1 magnitude in average K c for the Bulge SiO maser stars [with an average period of ∼ 490d ± 130d ; see figure 3 of Deguchi et al. (2004) ]. Because the single-epoch 2MASS photometric magnitude may differ from the average value by about 1 magnitude [e.g., Figure 11 of Messineo eta l. (2004) ], and furthermore absolute K magnitude depends on the spectral type of a star (Wainscoat et al. 1992) , we deduce that the error in distance in the present paper is a factor of more than 2. Figure 2 shows the K -H − K and log(F 12 ) -C 12 diagrams for the observed sources. These panels show that the color-selection criteria described above can extract the SiO emitting objects quite effectively from the infrared star catalogs. Figure 3 shows histograms of log(F 12 ) and K c for the SiO detection and no detection. The SiO detection rate are quite high (∼ 80 %) for bright infrared objects in F 12 and K c terms, but it decreases with decreasing infrared fluxes. Beyond K c > 5.5, no detection surpasses the detection because of the large distance. These diagrams show properties similar to those made in the previous surveys in the Galactic plane (for example, Deguchi et al. 2004) , and assure that the present survey off the Galactic plane was made appropriately. Figure 4 shows a longitude-velocity diagram for the SiO sources found in this work (filled circles) and those in our past SiO surveys (unfilled circles). We can see a considerable increase of SiO detections in this sky region. A large vertical (velocity) spread of sources below l = 17
Discussion

Selection of the candidates in streaming
• in figure  4 is attributed to the Bulge stars. At l ∼ 17
• , there is a gap in the spread of radial velocities. Beyond l = 18
• , the velocity spread increases again. The lack of stars beyond V LSR ∼ 50 km s −1 at the gap indicates that it is the edge of the Galactic Bulge (at least, for the peanut-shape thick Bulge with |b| > 3
• ). Therefore, in this paper, we specially pay attention to the sources with v LSR < 0 in the region of l = 18-40
• . Because the Galactic circular rotation gives positive v LSR in the range l = 0-90
• (in the solar neighborhood), it is hard to separate any streaming motions, if present, at the v LSR > 0 side in this diagram. Note that the stars on the solar circle fall on the v LSR = 0 line in the l-v diagram (if they circularly rotate around the Galactic center with the circular velocity same as that of the Local Standard of Rest). Two concentrations of the v LSR < 0 stars are seen in figure 4: one around l = 20-25
• , and another l = 30-40
• . Beyond l = 45
• , we also see a mild scatter of stars with large negative velocities. However, at the range beyond l = 45
• , the stars in the distant spiral arms (D > 11 kpc at l = 45
• ) fall outside the solar circle and have the negative v LSR in the l-v diagram. Therefore, it is more or less difficult to separate the streaming candidates beyond l = 45
• unless distances are accurately known. For simplicity, we restrict the later discussion only to the stars with large negative velocities (v LSR < ∼ −40 km s −1 ) in the longitude range between l = 18 and 40
• . However, it is not clear how to select the streaming candidates from usual stars with large random motion. To make the separation as definitive as possible, and to minimize the effects due to Galactic longitudes and latitudes, we made the plot (figure 5) by the velocity with respect to the Galactic Standard of Rest (GSR), where
Here, we use the LSR rotational velocity around the Galactic center, V φ = 220 km s −1 . We apply, for the later use, the standard solar motion of 20 km s −1 in the direction of R.A. = 18 h 00 m 00 s and Dec. = 30
• 00 ′ 00 ′′ (1900.0) (radio definition) with respect to the Local Standard of Rest and the Sun -Galactic-center distance of 8.0 kpc. The two broken curves in figure 5 indicates the v LSR = 0 line in figure 4 in the cases of |b| = 0 (upper curve) and 45
• (lower curve). For the current purpose of separating streaming candidates, we selected the stars under the lower broken curve between l = 18 and 40
• excluding the objects with |b| > 45
• ; the candidates are in two ellipses. Figure 6 shows the sky positions of the candidates (filled circle) and else (open circles) in the Galactic coordinates. Because a boundary between the stars in random motion and the stars in streaming is not clear at present, we have chosen all the likely candidates, which are in the ellipses in figure 5 , and investigate the nature of this subsample. In fact, we will see in the next section that all of these objects are highly likely objects in a stream.
The distribution of these candidate stars in the sky is shown in figure 6 . It spreads widely in latitude (∼ 60
• ), but not much in longitude (∼ 20
• ). Infrared properties of these candidate stars are summarized in table 4. We created the magnitude-color and color-color diagrams of the candidates in near and middle-infrared bands (similar to figure 2), and compared the distribution with that of noncandidates. The candidates and noncandidates seem to have no clear difference in distribution in these diagrams, suggesting that the physical properties of the streaming candidates are not very different from those of normal disk SiO sources. Figure 7 shows histograms of apparent and corrected K magnitudes (K and K c ) for the candidates. The histogram of K c shows triple peaks, indicating that the candidates can be separated into three groups according to their magnitudes: the bright group with K c = −1 -0, the middle group with K c = 1 -4, and the faint group with K c > 4. Grouping into three may not be very meaningful due to statistical errors. However, let us separate the sample into three for convenience, and see if any useful properties reveal. (Famaey et al. 2005) , where the U, V, and W axes are taken toward the Galactic center, toward the direction of Galactic rotation, and toward the Galactic north pole, respectively. Note that the spatial motion of the Hercules stream is known only in the solar neighborhood, and the extension of this stream is not known. Therefore we assumed for simplicity that the spatial velocities, V R and V φ (rotational and outward motions), are kept at any radii in the Galactic disk. The brightest 3 stars (K c < 2) in the top panel fall in the area between two broken curves of l = 30
Kinematic property of the candidate stars and model fittings
• and 40
• . Therefore, these stars can be associated with Hercules moving group. However, the other fainter stars with K c > 2 cannot belong to the same stream, if the given velocity field of the Hercules stream is extended to large distances. The Hipparcos catalog gives parallax and proper motion data for 3 stars in table 4; two of them are in a brightest star group. Calculated (U , V , W ) velocity components for these two stars are compatible with the Hercules stream velocity components, though one star has negative parallax so that we assumed the distance of 300pc from the corrected K magnitude.
Middle panel of figure 8 shows a model fitting with a velocity field with V R = 75 and V φ = 122 km s −1 , which have been proposed by Feast & Whitelock 2000 for shortperiod blue miras in the solar neighborhood. This velocity field seems to fit the stars with K c > 2 and l < 30
• , though it is not enough for the brightest stars with K c < 3. Feast & Whitelock (2000) explained the large deviation of motion of short-period miras from the Galactic rotation by oval orbits with large eccentricity produced near the outer Lindblad resonance (OLR), and suggested that their sample is a mixture of the stars with variety of orbital parameters.
Last panel of figure 8 shows a fit by the velocity field influenced by a Bulge bar. The velocity fields are calculated on the basis of a weak-bar linear theory. A simple logarithmic gravitational potential with a few percent deformation due to bulge bar is utilized in the calculation; see equation (3-77) in Binney & Tremaine (1987) . The theory gives a stellar orbit as a sum of two motions in a rotating frame: an epicyclic motion, and an oscillating motion produced by a periodic force due to a Bulge bar. The latter is regarded as a velocity field in the Galaxy uniquely determined only by the bar gravitational potential, but the former is determined by the initial conditions of stars and therefore includes arbitrarily randomness. We calculated the velocity field produced by the bar (the latter), and plotted this in the last panel of figure 8 . In order to avoid too large deviations from the equilibrium position due to the Lindblad and corotation resonances, we introduced a damping constant of the bar potential for convenience, and make the velocity field calculable at any radii in the Galaxy (see Appendix 3 in detail). The parameters used in our model is summarized in Table 5 [see details of the parameters in the more elaborate calculations of Habing et al (2006) ].
The last panel of Figure 8 indicates that the most distant, most deviant stars (objects in the lower-right part of the panel), can be fit by the parameter ranges within a standard bar model. A schematic diagram (shown in figure 9 ) well explains why such a large deviation from the Galactic rotation occurs. The periodic orbit produced by the Bulge bar (in a rotational coordinate) is indicated by the thick ellipse between outer Lindblad and corotation radii. The star is located at the perigalacticon (small filled circle on the ellipse) when the major axis of the bar passes the guiding center of the rotating frame. Beyond the corotation radius, the bar pattern speed (∼ 60 km s −1 kpc −1 ) is faster than the circular rotational speeds of the stars in a standard model of the Galaxy bar; the periodic orbit is always retrograde. The star moves to the fourth quadrant of the ellipse (indicated by unfilled circle of figure 9) if the star concerned is located within 45 degree after the bar passage. Taking the effect of prograde rotation of the frame into account, the motion on the rest frame (in GSR) results the star motion toward the Sun. The magnitude of the velocity toward the Sun depends on the location of the stars in the Galaxy; the separation of the star from the bar major axis and the separation from the corotation and OLR.
The weak bar theory provides a reasonable explanation for the large negative velocities of the distant stars with K c = 3-5. However, we found that the parameter values of the standard model does not give any good fits for brighter stars, which are located outside of the OLR. On the periodic orbit (thin ellipse in figure 11 ), the star comes at apogalacticon at the bar major-axis passage, and moves to the second quadrant in the ellipse. The rotational correction to the rest frame gives the star motion receding from the Sun. Because this is an opposite sense to the observation, we cannot get any good fit to the velocities of bright stars and Hercules group of stars by this model. Dehnen (2000) successfully explained the motion of Hercules group of stars with the bar model, though he assumed a slightly larger radius of the OLR (7.2 kpc). The OLR radius, which is close to the solar circular radius, makes line-of-sight changes of objects at the solar neighborhood dramatically, and the shear can produce a bimodal velocity distribution function as made in his model. In our calculation, we have neglected the effect of epicyclic motion which acts as a random motion, and introduced a suppression of resonances by decaying bar potential. The smaller radius of OLR and the damping assumption makes the computation simpler, but may lose a strictness of calculations near the OLR. In addition, the stellar orbits with large eccentricities are not involved in the linearized theory. In summary, the velocity field calculated on a basis of the weak-bar theory can give a good physical insight, and explain the observed stellar velocities for the distant stars reasonably well, though it is not for the nearby stars. Furthermore, it is possible that the sampling of nearest stars in the present sample is considerably biased due to small number.
Motion perpendicular to the Galactic plane
Our data shows that the deviant group of 20 selected stars spreads in latitude up to |b| ∼ 30
• , and the average height (|z|) is 0.5 kpc. These stars may be considered as members of the thick disk, which belong to older generations than members of thin disk. Binney (1981) considered the resonant excitation of star motion perpendicular to the Galactic plane due to periodic perturbation by the bar gravitational potential. This theory seems to explain well the observed spread of deviant candidate stars in latitude, at least qualitatively.
A basic equation describing the motion perpendicular to the Galactic plane is written as [equation (9) 
Here the parameter u describe the flatness of gravitational potential (0 < u < 1). Because the value of u is not well known for the case of our Galaxy, we assume u = 0.5. The value does not influence strongly on the later discussion. The resonance excitation occurs when
where n is an integer. Using equation (4), above conditions can be rewritten for the Galaxy model with a flatrotation-curve as
Because the first condition is satisfied only for a special potential parameter, we can neglect the z resonance on the epicyclic motion in our Galaxy. Because Ω < Ω 0 beyond the corotation radius, the second condition can be satisfied at various n near the corotation radius, for example, at radii 1.25 , 1.13, etc. times corotation radius. These resonant radii are approximately 4-5 kpc in our Galaxy. The star develops large oscillations perpendicular to the equatorial plane in a time scale of 10 rotational periods due to resonant coupling (Binney 1981) . Therefore, the observed displacement of maser sources from the Galactic plane seem to be consistent with the resonant coupling theory.
Further considerations
Though it is less likely, we investigated a possibility that these deviant stars are a part of a tidal stream of a disrupting dwarf galaxy. If it is a relic stream, these stars [Vol. , must be aligned on a single locus orbiting our Galaxy. We have tried to fit the star positions and their radial velocities with a single orbit by a model gravitational potential with a flat rotation curve (without influence of a Bulge bar). However, we could not obtain any reasonable fits which satisfy both positions and radial velocities within allowable uncertainties in distance. The main reason is that the observational tendency of decreasing radial velocity with distance between ∼ 0.3-6 kpc (as shown in figure 8 ) is hard to realize with any orbits in the assumed gravitational potential [∼ log(r)]. Unlike the 1/r potential, the orbital locus becomes more or less straight for stars near the corotation radius (see Figure 10 ) when the orbit is eccentric in the potential with a flat rotation curve. To have very small v GSR near corotation radius (∼ 4 kpc) as observed, the star must move in the direction perpendicular to the line of sight. To make a continuos locus of orbit from outer side to inside, the orbit must have a large curvature at the inside, which cannot make in the assumed potential. Moreover, the deviant stars have infrared properties similar to those of usual disk SiO maser stars. Therefore, we deduce that the age and mass distributions of the deviant group are not very different from those of usual disk maser stars. The ages of these maser stars, which are at the AGB phase of stellar evolution, are deduced to be roughly a few Giga yr (for an initial mass of 1.5-2 M ⊙ ; Feast 2009). The stars experience the periodic variation of gravitational potential by the Bulge bar typically 10 times after their birth (∼ 2 Gyr). This time scale is enough for these stars to be deviant from the Galactic rotation. Possibly, a short-period blue miras are more aged than average maser/infrared stars, so that the periodic oscillation of the Bulge bar potential appears to affect their motions more severely.
Though we have not completely consume all the possible orbits of tidal streams, we think that the deviant group of stars at various distances must comprise of different or-bits, which may be a result of periodic perturbation by the Bulge bar. Therefore, all of these considerations support that the origin of the deviant motions of maser sources is a periodic perturbation of gravitational potential due to the Bulge bar.
Conclusion
We detected 84 out of 134 infrared objects off the Galactic plane by the SiO J = 1-0 v = 1 or 2 lines. Some of these objects exhibit large negative radial velocities particularly at l = 20 -40
• , where the Galactic rotation should give positive ones. Their distribution is scattered in the latitude range ∆b ∼ 60
• . This negative velocity group of stars spreads between 0.3 kpc to 6 kpc in distance. It is possible to interpret that the brightest part of this deviant group is the Hercules stream of stars found in the solar neighborhood, and slightly distant part of this group as a part of outward flow found in short-period mira, both of which have been explained by the resonance effect of the Bulge bar. Though our simple calculation of the velocity field based on weak bar theory cannot fit the velocities of the nearest group of selected stars, it successfully explains the large negative-velocity stars located between the outer Lindblad and corotation resonances. We have also shown that the resonant coupling due to the periodic perturbation of the Bulge bar can create the star motion perpendicular to the Galactic plane near the corotation resonance. These facts strongly suggest that the deviant group of stars is produced by the gravitational perturbation of the Bulge bar.
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Appendix. 1. Individually interesting objects
• J12370691-1731319 (=T Crv): This is an M6 mira with a period 389d (Williams et al. 2004 ) at high Galactic latitude (b = 45 • ). A previous water maser search gives a negative result (Lewis 1997) . We detected a strong SiO J = 1-0 v = 1 line but with no noticeable v = 2 emission. The very low v = 2/v = 1 intensity ratio and blue IRAS color (C 12 = −0.37) of this star fit well with the correlation of this ratio with the IRAS color which was found by Nakashima & Deguchi (2007) . Volk et al. (1991) classified the IRAS LRS spectrum of this object as featureless ("F").
• J12583891+2308215 (=T Com): A previous SiO maser search for this object was negative (Nyman et al. 1986 ). OH masers have been detected by Nguyen-Q-Rieu et al. (1979) at v LSR = 9 and 23 km s −1 . A later observation (Chengalur et al. 1993 Kleinmann et al. (1978) at 25.3 and 27.6 km s −1 , • J15591138+1939570 (=V336 Ser): This star exhibits featureless IRAS LRS spectrum (LRS class 13), and Guglielmo et al. (1997) classified this object as an M-type star. The detection of SiO masers of this star secures the oxygen richness of this star.
• J18205487+5031432 (=EO Dra = IRAS 18196+5030): This is an M7 star at high declination. The IRAS LSR spectrum of this star shows a strong 10 µm silicate emission giving an LRS class of 26. Sharples et al. (1995) made spectroscopic observation of this star deriving the radial velocity of v Helio ∼ −17 km s −1 from the TiO band profile, which agrees well with the SiO maser velocity v LSR = −1 km s −1 in this paper. No reference of the previous radio observation was found for this star.
• J18213513+8238388 (IRAS 18276+8236): This is a relatively bright infrared source located closely to the celestial north pole. This objects exhibits strong 10 µm silicate emission (LSR class 29; Olnon et al. 1986 ). Cohen & Kuhi (1977) identified this IR object (AFGL 2171) to an M7III star. Radio searches for molecular lines had been negative (Zuckerman et al. 1978; Dinger et al. 1979; Nyman et al. 1992 ). We detected SiO masers at v LSR = −27 km s −1 for the first time.
• J19233466+0037583 (V850 Aql =IRAS 19210+0032): This s a D-type symbiotic star (Phillips 2007) with Hα emission (Allen & Glass 1974) . This star was originally misclassified as a planetary nebula, but was corrected later (Sabbadin 1986; Acker et al. 1987) . Searches for radio continuum emission at 5 and 14 GHz were made with negative results (Aaquist & Kwok 1990) . No OH or H 2 O maser search was made. We detected SiO masers in this star for the first time.
• J19340281+0926061 (IRAS 19316+0919): Engels & Lewis (1996) detected H 2 O masers at V LSR = 78.5 km s −1 . OH 1612 MHz maser was a single peak detection at v LSR = 76.4 km s −1 , and OH main lines were not detected (Lewis 1997) . We detected SiO masers at V LSR = 92 km s −1 , establishing an accurate stellar velocity for this object.
Appendix. 2. Water maser observations
We also observed a few objects by the 22.235 GHz H 2 O maser lines with the Nobeyama 45m telescope during the same period of SiO observations as a backup for bad weather condition. Though the H 2 O maser observations are limited, interesting objects are involved. The HEMT [Vol. , 22GHz receivers was used for observations and the conversion factor of antenna temperature to flux density is about 3.0 Jy/K. We have detected 3 objects. The line parameters of the H 2 O masers are given in table 6, and the line profiles are given in figure 11.
Appendix. 3. Theory of star motion in a weak bar potential
In a frame rotating with angular speed Ω, two-dimensional equations of motion for a test particle moving in the Galactic plane are written as
where Φ is a gravitational potential (see Binney & Tremaine 1987) and the origin of the coordinates is taken at the center of the Galaxy. For a weak bar-like potential with m-fold symmetry, the gravitational potential can be written as
where Ω 0 is the pattern speed of a bar, and θ is the angle of the particle position vector from the x-axis in the rotating frame. In this paper, we only consider a case of a weak bar potential, where the effect due the second term is small compared with the first term, i.e., |Φ 1 (r)| ≪ |Φ 0 (r)|, and m = 2. The angular rotation speed of the frame is determined by the balance of centrifugal force with the 0th-order gravitational attraction,
Putting small deviations of the particle position from the equilibrium position (x 0 = r 0 , y 0 = 0)
we obtain
in the first order approximation, where Ω 1 ≡ Ω 0 −Ω. For the case of a galaxy with a flat rotation curve, the gravitational potential can be written as
where v 0 is a circular rotation velocity of a particle (constant) and a is a core radius. The bar potential is often approximated (e.g., Habing et al 2006) as
We set the bar potential Φ 1 (r) as close as to the first order term in ǫ of the above equation,
In such an approximation, we finally have equations of motion as
where
and
In the case of decaying bar potential, we use
where ǫ 0 is a constant. Note that the equations of motion (20) and (21) are linear with respect to x 1 and y 1 with additional forced oscillating terms. These equations have a general solution of linear combination of epicyclic and forced-oscillation terms,
where the epicyclic terms must satisfy the following condition
and A x (or A y ) and φ are arbitrary constants determined by the initial condition, and the forced oscillation terms are expressed as
Here, the denominator is calculated as
and the terms in numerators are written as
The denominator, d xy , is always positive at the Lindblad-and corotation-resonance radii (i.e., m 2 Ω 2 1 − κ 2 = 0 and Ω 1 = 0), when the damping term (|γ| > 0) is introduced. Therefore stellar orbits are calculable at any radii as far as the deviation from the equilibrium position is small. Note that the cross terms, N xsx , N xsy , N ycx , and N ycy are proportional to γ. When |γ| is much smaller than |Ω 1 |, these terms are negligible and the major axis of the elliptic orbit is oriented perpendicularly to the radial direction (as shown in Figure 9 ). However, near the resonance, these terms influence to the orientation of the elliptic orbit such as the major axis of the orbit is slightly inclined toward the radial direction of the Galaxy. This effect produces larger observed radial velocities of stars near the resonant position. It is well known in the limit of γ = 0 that the amplitude terms in equations (29) and (30) change sign when the equilibrium position crosses the Lindblad-resonances. Therefore, the phase of the particle in the elliptic orbit due to forced oscillation varies by 180 degree at the resonance (see Figure 9 ). However, this sudden change is moderated in the damping model, causing a cycling shape of the curves near the outer Lindblad resonance as shown in the last panel of Figure 8 .
It is believed that bars in the gas-rich spirals are short lived (e.g., Bournaud et al. 2005) . Furthermore, the effect of a triaxial halo, or a central massive blackhole may also destroy the bar within a Hubble time scale (Ideta & Hozumi, 2005; Hozumi & Hernquist 2005) . Therefore, the decaying (or growing) bar model presented in this paper well facilitates to investigate stellar orbits near resonances in the Galaxy. Table 3 . Infrared properties of the observed sources. 
2MASS name
l b K * H − K K c IRAS F 12 C 12 v(SiO) ♯ (•) (•)(Jy
